Background/Aims: Microvascular obstruction (MVO), an undesirable complication of percutaneous coronary intervention, is independently associated with adverse left ventricle remodeling and poor prognosis after acute myocardial infarction. Hypoxia and oxidative stress major roles in the pathophysiology of MVO. Pim1 serves an important protective role in the ischemic myocardium, but the underlying mechanisms remain poorly defined. Autophagy in early hypoxia or during moderate oxidative stress has been demonstrated to protect the myocardium. In this study, we investigated the association between the protective effect of Pim1 and autophagy after hypoxia and oxidative stress. Methods: Ventricular myocytes from neonatal rat heart (NRVMs) were isolated. NRVMs were exposed to hypoxia and H 2 O 2 . Rapamycin and 3-methyladenine (3-MA) were used as an activator and inhibitor of autophagy, respectively. pHBAd-Pim1 was transfected into NRVMs. We assessed cardiomyocyte apoptosis by Annexin V-FITC/PI flow cytometry. Autophagy was evaluated by mRFP-GFP-LC3 adenovirus infection by confocal microscopy. Western blotting was used to quantify apoptosis or autophagy protein (caspase-3, LC3, P62, AMPK, mTOR, ATG5) concentrations. Results: Autophagy and apoptosis in NRVMs significantly increased and peaked at 3 h and 6 h, respectively, after exposure to hypoxia and H 2 O 2 . The mTOR inhibitor rapamycin induced autophagy and decreased cardiomyocyte apoptosis, but the autophagy inhibitor 3-MA decreased autophagy and increased apoptosis at 3 h after exposure to hypoxia and H 2 O 2 . Pim1 levels in NRVMs increased at 3 h and decreased gradually after exposure to hypoxia and H 2 O 2. Pim1 overexpression enhanced autophagy and decreased apoptosis. Pim1-induced promotion of autophagy is partly the result of activation of the AMPK/mTOR/ATG5 pathway 
Introduction
Percutaneous coronary intervention (PCI) is the preferred treatment for ST-segment elevation myocardial infarction (STEMI) [1] . However, reductions in door-to-balloon times have not further improved mortality in patients undergoing primary PCI [2] . Microvascular obstruction (MVO) is observed in 57% of STEMI patients after primary PCI. The presence and extent of MVO are strongly associated with mortality and hospitalization for heart failure within 1 year [3] . Thus, MVO is a common problem in STEMI and represents a new and important target for therapy [4] . Ischemia/reperfusion injury and distal atherothrombotic embolization have major roles in the pathogenesis of MVO [4, 5] . Several treatment options, such as nitroprusside and adenosine, have been used with variable success [6] . However, because their effects have not been convincingly demonstrated, further investigation of the molecular mechanism of MVO is urgently needed. Coronary microembolization causes microvessel occlusion and persistent local myocardial hypoxia, at the same time, microvascular and parenchymal organ damage caused by ischemia/reperfusion is mainly due to reactive oxygen species (oxidative stress), which has been demonstrated in various organs. H 2 O 2 is an important reactive oxygen free radical in the body. Therefore, we established an in vitro environment of hypoxia and H 2 O 2 in cardiomyocytes to simulate the pathophysiological process of MVO.
In our previous study using a porcine model, we demonstrated that MVO involved cardiomyocyte apoptosis, and inhibition of apoptosis could improve cardiac function [7] . Autophagy is considered an essential process of self-digestion in the turnover of cytoplasmic components and is generally a protective mechanism to evade cell death via degrading damaged organelles or harmful substances. It is a catabolic process that provides nutrients during starvation [8] . Katheder et al. reported that the microenvironmental contributes to early tumor growth through nutrient-generating autophagy [9] . Autophagy preserves cardiac structure and function under baseline conditions and is activated during stress, limiting damage under most conditions. It reduces injury and preserves cardiac function during ischemia [10] . Histone deacetylase inhibition blunts ischemia/reperfusion injury by inducing cardiomyocyte autophagy [11] . It is not clear whether cardiomyocyte apoptosis can be inhibited by active autophagy under hypoxic conditions in the presence of H 2 O 2 .
The Pim kinases are a family of three serine/threonine kinases (Pim1, Pim2, and Pim3). The Pim kinases play pivotal roles in cell cycle regulation, apoptosis, stem cells, metabolism, drug resistance, and targeted therapy [12] . Pim1 expression is upregulated in cardiomyocytes after pressure overload or infarction, suggesting that it serves an important protective role in the heart [13, 14] . Whether Pim1 inhibits apoptosis by promoting autophagy is not clear in the setting of hypoxia and H 2 O 2 .
The purpose of this study was to explore the association between autophagy and apoptosis in ventricular myocytes from neonatal rat heart (NRVMs) after exposure to hypoxia and H 2 O 2 , and to determine whether and how Pim1 inhibits apoptosis through an increase in autophagy.
Materials and Methods

NRVM primary culture and purity testing
All animal procedures were approved by the Animal Care and Use Committee of Guangxi Medical University. Primary cardiomyocytes were isolated enzymatically with trypsin and collagenase II (SigmaAldrich, St. Louis, MO, USA) from 1-to 2-day-old Sprague-Dawley rat ventricles according to our previous protocol [15] . The ventricles were digested and stirred in 0.08% trypsin with 0.04% collagenase II. Then, the supernatant was transferred to a new sterile tube and centrifuged at 1200 rpm for 3 min. To remove the cardiac fibroblasts, the cells were seeded onto an uncoated plate at 37°C in a 5% CO 2 incubator. After 90 min, the unattached cells were transferred onto plates precoated with Dulbecco's modified Eagle's medium (DMEM; Gibco, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (FBS; Gibco), 1% penicillin-streptomycin (Solarbio, Beijing, China), and 100 µmol/L 5-BrdU. After culturing for 36 h, the medium was replaced with fresh medium. The cultured cardiomyocytes were used for experiments 72 h after initial attachment. The cardiomyocytes were permeabilized with 0.2% Triton X-100 with subsequent washing with phosphate-buffered saline (PBS). Primary antibody incubation with sarcomeric α-actinin (Abcam, Cambridge, MA, USA; catalog no. ab9465) was carried out at 4°C overnight. Sections were incubated with fluorescent secondary goat anti-mouse (Alexa Fluor 488 conjugate; Abcam; catalog no. ab150113) antibodies for 1 h in the dark at room temperature (25°C). Nuclei were stained with 4′,6-diamidino-2-phenylindole (Sigma-Aldrich). Immunofluorescent images were observed under a fluorescence microscope (magnification ×100, Olympus, Tokyo, Japan). The presence of sarcomeric α-actinin in the cytoplasm of cardiomyocytes could be visualized (green fluorescence). Five different fields were counted to calculate the purity of the cardiomyocytes.
NRVM hypoxia and oxidative stress
The NRVM culture medium was replaced by low-glucose DMEM without FBS with different concentrations (0, 50, 100, and 200 μM) of H 2 O 2 (oxidative stress condition); standard culture medium was used for the control group. Subsequently, the cells were cultured in an anoxia chamber (HERAcell VIOS 160i, Thermo Fisher Scientific Inc., Waltham, MA, USA), saturated with 92% N 2 , 5% CO 2 , and 3% O 2 (v/v/v) at 37°C for 3, 6, 9, and 12 h. The appropriate concentration of H 2 O 2 was defined to cause relatively moderate injury. The appropriate hypoxia time was defined to cause obvious autophagy. For drug treatment, cells were pretreated with 200 nM rapamycin (Sigma-Aldrich) or 10 mM 3-methyladenine (3-MA; Sigma-Aldrich) 2 h before hypoxia.
Cell viability assay
The Cell Titer 96® AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI, USA) containing 3-(4, 5-dimethylthiazol-2-yl)-5-(3 carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) and the electron coupling reagent phenazine methosulfate was used to determine cell viability. After incubation of NRVMs for various periods, 20 μL detection reagent was added to each well. Optical density was measured at 490 nm after 2 h. The results were presented as a percentage relative to the control group. NRVM activity was expressed as a percentage relative to the control group.
Flow cytometry assay
Flow cytometry was performed to detect cell apoptosis using an Annexin V-FITC and propidium iodide (PI) double staining kit (BD Biosciences, Franklin Lakes, NJ, USA) according to the manufacturer's instructions. Briefly, after treatment as indicated, NRVMs were collected and then resuspended in 500 μL binding buffer. Then, aliquots (100 μL) of the solution were transferred for incubation with 5 μL FITCAnnexin V and 5 μL PI, followed by gently vortexing for 15 min at room temperature in the dark. Samples were analyzed using a flow cytometer within 1 h (FACSCalibur, BD Biosciences).
Western blot analysis
Protein was extracted from the NRVMs by adding cell lysis buffer (Sigma-Aldrich). Equivalent proteins (20 μg) were separated by sodium dodecyl sulfate-polyacrylamide gels (10-15%) and electrically transferred to polyvinylidene difluoride membranes (Merck Millipore, Burlington, MA, USA). The membranes were probed with the following rabbit primary antibodies in buffer (1:500-1000 dilution) overnight at 4 °C: anti-LC3B, anti-P62, anti-phospho-mTOR, anti-mTOR, anti-ATG5, anti-phospho-AMPK, anti-AMPK, anti-Parkin (Cell Signaling Technology, Danvers, MA, USA), anti-caspase-3, anti-Pim1, and anti-β-actin (Abcam washing three times in tris-buffered saline with Tween 20, the membranes were incubated with fluorescent anti-rabbit secondary antibody (Abcam) in buffer (1:10, 000 dilution) at room temperature for 2 h. The immunoreactive bands were observed by exposing the blots in an Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA). Densitometric analysis was performed using ImageJ software. Three to five independent experiments were performed, and the average densitometry values were calculated.
mRFP-GFP-LC3 and pHBAd-Pim1 adenovirus infection
mRFP-GFP-LC3, pHBAd-Pim1, and pHBAd-GFP adenoviral vectors were purchased from HanBio Technology Co., Ltd. (Shanghai, China). NRVMs were plated onto slides in 24-well plates and allowed to reach 50-70% confluence at the time of transfection. The pHBAd-GFP adenovirus was used as a control. Adenoviral infection was performed according to the manufacturer's instructions. NRVMs were incubated in growth medium with the adenoviruses at a multiplicity of infection of 100 for 2 h at 37 °C, and were then grown in new medium for another 36 h at 37 °C. After infection, NRVMs were treated with hypoxia and H 2 O 2 for subsequent experiments. Autophagy was detected using a confocal scanning laser microscope (NIKON, Tokyo, Japan). Autophagic flux was evaluated as the number of GFP, RFP, and merged points (point/cell).
Transmission electron microscopy (TEM)
NRVMs were grown on 6-well plates to 80% confluency. After experiments, cells were washed with PBS and immediately fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer followed by postfixation with 1% osmium tetroxide for 1 h at room temperature. The specimens were then dehydrated with ascending concentrations of ethanol (50-100%) and embedded in Spurr's epoxy resin. Then, thin sections (60-80 nm) were cut with an ultramicrotome and mounted on copper mesh grids. The sections were then stained with 1% uranyl acetate and lead citrate, and examined by TEM (H-7650, Hitachi, Tokyo, Japan).
Quantitative reverse transcription PCR (RT-PCR)
To assess the mRNA expression levels of Pim1 in NRVMs, RNA was extracted using Trizol Reagent (Takara Bio, Kusatsu, Japan) according to the manufacturer's protocol. The concentration of RNA was quantified using NanoDrop (Thermo Fisher Scientific Inc.). Complementary DNA was synthesized using the TaqMan Reverse Transcription Kit (Takara). Quantitative RT-PCR was then performed using Power SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA) on an ABI PRISM 7500 system (Applied BioSystems). The sequences of the Pim1 were as follows: Pim1 forward: 5′-TGCTCTTGTCCAAGATCAACTC-3′ and reverse: 5′-CAGGGGCTCCTTCTCTTTGC-3′; β-actin forward: 5′-GAGATTACTGCCCTGGCTCCTA-3′ and reverse:5′-CATCGTACTCCTGCTTGCTGAT-3′. We calculated the relative level of Pim1 mRNA expression using the 2 −ΔΔCt method, normalized relative to β-actin.
Statistical analysis
Statistical analysis was performed using the software GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA). Student's unpaired t-test was used to analyze the difference between two groups, and a one-way analysis of variance with Bonferroni correction was used for multiple comparisons. P < 0.05 was considered statistically significant. All experiments were performed at least three times.
Results
NRVM purity
The purity of cultured cardiomyocytes was determined by immunofluorescence staining after 3 days in culture (Fig. 1A) . The purity of cardiomyocytes was found to be 97.86 ± 1.22%.
NRVM viability assay at different H 2 O 2 concentrations in a hypoxic environment
The viability of NRVMs treated with increasing concentrations of H 2 O 2 in a hypoxic environment, as determined by the MTS assay at different time points, decreased in a doseand time-dependent manner (Fig. 1B) 
NRVM autophagy significantly increased after exposure to hypoxia and 100 μM H 2 O 2
We detected autophagy through monitoring the proportion of LC3BI conversion to LC3BII and the levels of P62, which are the two pivotal protein markers for phagophore and autophagosome formation. As shown in Fig. 2A , LC3BII/LC3BI was increased significantly at the peak time of 3 h, and then gradually decreased but remained higher than at 0 h. Meanwhile, P62 expression was decreased at the end of 3 h. Increased autophagosomes or interruption of the autophagosome-lysosome fusion process may result in an accumulation of LC3BII, so autophagic flux was monitored with tandem fluorescent-tagged LC3 (mRFP- EGFP-LC3). In merged images, yellow (green and red) represented autophagosomes and red represented autolysosomes. Our autophagic flux results showed that the numbers of autophagosomes (mRFP + EGFP + dots) and particularly autolysosomes (mRFP + dots) increased within the initial 3 h of hypoxia, then gradually decreased, but remained than at 0 h (Fig. 2B) . TEM results showed that NRVM autophagosomes, autolysosomes, and lysosomes significantly increased, with marked mitophagy, after exposure to hypoxia and 100 μM H 2 O 2 at 3 h compared with 0 h (Fig. 2C) . Overall, these data suggest that NRVM autophagy significantly increased after exposure to hypoxia and 100 μM H 2 O 2 at the peak time of 3 h, and then gradually decreased but remained higher than at 0 h. NRVM apoptosis significantly increased after exposure to hypoxia and 100 μM H 2 O 2 After exposure to hypoxia and 100 μM H 2 O 2 , cleaved caspase-3/caspase-3 western blotting results showed that activation of caspase-3 increased significantly within 3 h, reached a peak at 6 h, and then decreased gradually but remained higher than at 0 h. Flow cytometry results were similar. Moreover, NRVM apoptosis at 6 h was significantly greater than necrosis (28.9 ± 2.5% vs 6.2 ± 0.71%, P < 0.01), indicating that apoptosis is the main cause of early myocardial cell loss after exposure to hypoxia and 100 μM H 2 O 2 (Fig. 3A, B) . Our previou study [7] showed that inhibition of myocardial apoptosis can improve cardiac function early after coronary artery embolization. NRVM apoptosis increased significantly after hypoxia and H 2 O 2 treatment for 3 h, so we chose 3 h for the time point to measure apoptosis in the following experiments.
Effects of rapamycin and 3-MA on autophagy and apoptosis
To clarify the relationship between autophagy and apoptosis, we treated cardiomyocytes with 200 nM rapamycin or 10 mM 3-MA for 2 h before hypoxia and H 2 O 2 . NRVMs were harvested at 3 h after exposure to hypoxia and H 2 O 2 . Rapamycin increased the ratio of LC3BII/I, and reduced the content of P62 and the ratio of cleaved caspase-3/caspase-3. This indicates that rapamycin promoted autophagy and inhibited apoptosis at 3 h after hypoxia and H 2 O 2 . However, 3-MA inhibited autophagy and promoted apoptosis (Fig. 4) . Fig. 3 . NRVM apoptosis significantly increased after exposure to hypoxia and 100 μM H 2 O 2 . (A) Western blot analysis showed caspase-3 and cleaved caspase-3 content at different time points. The ratio of cleaved caspase-3/caspase-3 represents the relative activation level of caspase-3. (B) Annexin VFITC/PI staining by flow cytometry showed that the NRVM apoptosis rate was 18% at 3 h and increased by 30% at 6 h, which was significantly higher than at 0 h. *P<0.05 and **P<0.01. All results are the mean ± SEM of three independent experiments.
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Pim1 promotes autophagy partly via the AMPK/mTOR/ATG5 pathway and promotes Parkin expression after hypoxia and H 2 O 2
Our results showed that the ratio of p-AMPK/AMPK and ATG5 expression were significantly higher in the pHBAd-Pim1+ 3 h group than in the 3 h group. However, the ratio of p-mTOR/mTOR expression levels was significantly lower in the pHBAd-Pim1+ 3 h group than in the 3 h group. Therefore, the above results indicated that Pim1 promotes autophagy at least partly mediated by the AMPK/mTOR/ATG5 pathway after hypoxia and H 2 O 2 (Fig. 7) . Parkin is one of the most important markers of mitophagy. In myocytes, loss of Parkin causes accumulation of abnormal mitochondria and cell death [16] [17] [18] [19] . Our western blot results showed that Pim1 overexpression markedly increased the expression of Parkin, indicating that Pim1 overexpression increased mitophagy in NRVMs after hypoxia and H 2 O 2 (Fig. 7) .
Discussion
In this study, we found that Pim1 overexpression promoted cardiomyocyte autophagy and inhibited apoptosis in the presence of hypoxia and H 2 O 2 , partly through activation of the AMPK/mTOR/ATG5 pathway. MVO is a common and important complication of acute myocardial infarction after PCI and is an important predictor of long-term mortality [20] . Ischemia/reperfusion injury and distal atherothrombotic embolization are two major pathological processes responsible for the occurrence of MVO. Persistent hypoxia and [23] . Interestingly, there is no consensus regarding whether autophagic flux is increased or impaired during cardiomyocyte reperfusion [24, 25] . However, recently, increasingly more evidence supports the notion that an increase in autophagy during ischemia/reperfusion is protective [26] [27] [28] [29] . Min et al. found that suberoylanilide hydroxamic acid (SAHA, a histone deacetylase inhibitor) reduced myocardial infarct size in a rabbit model by inducing cardiomyocyte autophagy, specifically in the border zone of ischemia/ reperfusion injured hearts. Additionally, in an ischemia/reperfusion in vitro model, increased autophagy was required for protection by SAHA against cell death [11] . We also found that rapamycin promoted cardiomyocyte autophagy and inhibited apoptosis following hypoxia and H 2 O 2 , whereas 3-MA inhibited autophagy but increased NRVM apoptosis. Pim1 overexpression enhanced autophagy and decreased apoptosis following hypoxia and H 2 O 2 , and in particular autophagic flux was increased. Overexpression of Pim1 is associated with enhanced cell survival, elongation of telomeres [30] , enhanced metabolic activity [31] , attenuation of cell apoptosis, and preservation of mitochondrial integrity [32] . However, there have been few studies of the effects of Pim kinases on autophagy. Bohensky et al. found that Pim2 promoted expression of LC3B and Beclin-1 and enhanced lysosomal acidification [33] . Jingang et al. reported that Pim-3 knockdown in NPC HNE-1 cells enhanced apoptosis, decreased cell proliferation, and inhibited autophagy and invasion in the presence or absence of docetaxel [34] . Hao et Fig. 7 . Pim1 p r o m o t e s a u t o p h a g y partly via the AMPK/mTOR/ ATG5 pathway and promotes P a r k i n e x p r e s s i o n after hypoxia and H 2 O 2 . *P < 0.05 and **P < 0.01. All results are the mean ± SEM of three i n d e p e n d e n t experiments.
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Cellular Physiology and Biochemistry al. reported that knockdown of Pim1 significantly attenuated hypoxia-induced autophagy, whereas Pim1 overexpression markedly enhanced hypoxia-induced autophagy in prostate cancer cells [35] . We found that Pim1 overexpression enhanced autophagy and decreased apoptosis in vitro in NRVMs in the presence of hypoxia and H 2 O 2 .
The relationship between autophagy and apoptosis is highly context dependent. Cardiomyocytes are rich in mitochondria. In the presence of hypoxia or oxidative stress, mitochondrial membrane permeability is impaired, inducing the release of cytochrome C and inducing cardiomyocyte apoptosis. Mitophagy can remove the damaged mitochondria, thus increasing the threshold for apoptosis induction [36, 37] . We found that cardiomyocyte autophagy peaked before apoptosis in the presence of hypoxia and H 2 O 2 . Previous investigations have suggested that mTOR is inhibited during energy insufficiency, which subsequently stimulates autophagy. During myocardial ischemia or R/I ischemia/ reperfusion injury in vivo and in vitro, the AMPK/mTOR pathway is activated [38, 39] . Our results revealed that Pim1 upregulated autophagy after hypoxia and H 2 O 2 , partly because of activation of the AMPK/mTOR/ATG5 autophagy pathway.
There are several potential limitations that should be considered. First, these results were derived from neonatal rat cardiomyocytes, which may not be equivalent to adult rat cardiomyocytes. Second, in vitro simulation of MVO is not the same as MVO after PCI in acute myocardial infarction in vivo. Therefore, future studies in adult cardiomyocytes and in the in vivo setting are required.
Conclusion
Our results revealed that Pim1 overexpression prevented NRVM apoptosis via upregulation of autophagy after hypoxia and oxidative stress, partly via activation of the AMPK/mTOR/ATG5 autophagy pathway. Pim1 overexpression treatment may provide a potential effective therapeutic option for MVO.
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